The issue of ensuring longitudinal stability of marine gas pipelines has been raised in view of construction of pipelines operating at significant temperature drops. Most commonly the pipelines deviation from the design conditions as well as equilibrium disturbance occurs due to longitudinal buckling. The task of designing the marine gas pipeline involves making the reliability analysis of the pipeline, taking into account the required conditions of structural reliability in all construction phases. As per the Russian standards, the vertical buckling is not considered in the stability analysis, whereas the standards of the USA, Norway (DNV-RP-F110), and the Great Britain emphasize the need for considering the lateral buckling caused by axial forces. This paper focuses on the operational reliability calculation for an underwater main gas pipeline, in which longitudinal buckling failure occurred. The calculation is based on the probabilistic and statistical method of assessing the pipeline state and operational reliability.
Main Text
The problem of ensuring longitudinal stability of largediameter underground/subsea pipelines is peculiar to gas pipelines laid in the areas with severe geotechnical conditions. The issue of ensuring longitudinal stability for such structures emerged from the construction of pipelines operating at significant temperature differences. Longitudinal buckling is the most common cause of their operation at off-design conditions and disturbance of their equilibrium. This paper focuses on the operational reliability analysis of a section of the subsea main gas pipeline, in which longitudinal buckling failure occurred, based on the probabilisticstatistical method for assessing the state of the pipeline and operational reliability of the structure.
In recent years, considerable attention has been given to the fault diagnosis, that is, detecting pipe defects along the route. But the basic question that needs to be answered based on the results of the pipeline route survey in order to make a decision is whether the pipeline section is in serviceable condition if there are faults and defects. Ensuring longitudinal stability of a pipeline structure implies studying the possibility of a nonequilibrium situation occurring to this structure.
Among the first publications on the issue of ensuring longitudinal stability for pipelines are papers by Aleshin et al. [1] , Borodavkin and Shadrin [2] , Bolotin [3] , and Palmer et al. [4] . Having described the pipeline model [5] [6] [7] as a flexible beam on rigid foundation subjected to longitudinal force, which changes with increasing deflection and lateral load, the authors used it to calculate the stability of a pipeline under transverse-longitudinal bending.
To solve the problem, the energy criterion of stability was used, which reduces to determining the energy states for the deflected position of the system.
The Problem Was Solved by Ritz Method
Total energy of the system with pipeline subjected to strains is
where is pipeline strain energy made up of bending strain energy 1 plus compressive strain energy 2 and is work of external forces on pipeline displacements.
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The longitudinal stress ( ) is the axial stress experienced by the pipe wall and consists of stresses due to bending stress ( ); Hoop stress ( ℎ ); thermal stress ( ); and end cap force induced stress ( ).
The longitudinal stress can be determined using the equation
should be ensured such that sign conventions are utilized when employing this equation (i.e., tensile stress is positive).
Hoop stress can be determined using equation
Initial stresses acting in the pipeline decrease on bending, so that compressive force at the ends of the bent section at any point of strain will be equal to
where Δ is increase in pipeline length:
The elastic axis of the pipeline under buckling failure is approximated by function
which satisfies the geometric boundary conditions V = V = 0 at = 0, = . For example, see Figure 1 . Straight-line position of the pipeline employs the minimum of total energy and hence is the stable one:
and transition to adjacent equilibrium states, that is, buckling failure, is possible:
and all bent states of the pipeline are unstable and the basic equilibrium state cannot be disturbed.
The Analysis of Possible Pipeline Deformations
The analysis of possible pipeline deformations described in [1, 6] allows presenting them as follows. Buckling failure in the form of a bulge ( Figure 2 ) is described by the equation
with buckling failure with deformation as shown in Figure 1 . Buckling of an underground pipeline in soft soils at the bottom of the trench can occur both in forms shown in Figure 2 and in higher forms as shown in Figure 2 .
The deflection forms presented here do not exhaust all possible types of buckling.
However, the occurrence of deflection forms with a great number of nodal points is unlikely [2, 3] . This is due to the fact that the ultimate environmental resistance is reached only after finite lateral displacements.
The Presentation of an Unburied Pipeline
In their papers, Aleshin et al. [1, 2] suggest the presentation of an unburied pipeline as an infinite rod lying on soil foundation. Foundation reaction per unit of length of the rod was taken, proportionate to displacement, as = V.
The differential equation of the deflection line was obtained in the following way:
under the following boundary conditions:
Advances in Civil Engineering In (10), V is transverse displacements of the pipeline; is coordinate along the straight-line axis of the pipeline; and is foundation resistance.
To find full deflection V( ) of the rod, given the axial force, we obtain the equation, when = Δ (see Figure 3 ):
The Overall Stability of a Pipeline in Longitudinal Direction
The overall stability of a pipeline in longitudinal direction is checked from the condition
where is equivalent longitudinal force in the pipe cross section determined from design loads and effects with account of longitudinal and transverse displacements of the pipeline and cr is longitudinal critical force at which longitudinal buckling of the pipeline occurs.
Longitudinal stresses in bent sections of underground pipelines are determined in the absence of longitudinal and transverse displacements, subsidence, and soil heaving:
It should be noted that operation of main pipelines is characterized by the observed pressure differences caused by pump mode changes.
Numerical Methods
A comprehensive technology has been developed for assessing the condition of sections of main gas pipelines based on numerical methods used for solving 3D nonlinear problems in continuum mechanics. All calculations of SSS are carried out using the finite element method.
In the first step of calculations, the stress-strain state (SSS) of the pipeline is analyzed in beam approximation and the entire pipeline structure is modeled by straight and curved beams of annular cross section. Structural modeling and analysis at this stage take into account all loads which significantly influence the SSS of the pipeline.
Analysis based on beam model is a way to construct an overall picture of SSS of the pipeline structure, to identify the most loaded sections, and to determine forces and moments at the boundaries of these sections. The calculations are carried out on the assumption of linear-elastic behaviour of the pipe material. Plastic models are considered in the accident analysis.
In the second step, refinement calculations are performed for the most loaded pipeline sections with the use of shell and solid finite element models, Figure 4 .
To ensure operational reliability of a gas pipeline, all force and deformation factors affecting it should be assessed. In this regard, among the issues being considered are the serviceability and operational suitability of the pipeline structure, as well as its service time to failure.
Reliability Analysis
Reliability analysis of the linear pipeline portion is still performed based on conventional methods of structural mechanics using the safety factor concept.
Performance of the linear pipeline section with longitudinal buckling failure was considered and analyzed. Deformations of the buried pipeline structure were studied and analysis of the three-dimensional pipeline structure for deterministic load was presented.
To solve the differential equation of longitudinal and transverse strains for the pipeline of any geometry, the finite element method was used allowing for the representation in matrix form, which is convenient for software.
The solution was obtained by comparing the alternate analytical models, that is, the straight-line section of the pipeline structure and the curved one, in order to better reflect the stress state of the section under consideration.
Given the operating conditions of the pipeline, it is possible to determine three types of accidental impacts: internal pressure for gas pipelines, temperature exposure, and soil pressure (weight).
Solution to this problem is found by statistical modeling of random processes on PC using the deterministic algorithm for determining deformations and internal reactions of the system as described above. Comparison of longitudinal force values in the pipeline cross section is present in Figure 5 .
Further, reliability assessment of the damaged pipeline structure in operation was performed using the probabilistic assessment approach to longitudinal and transverse strains, three-dimensional pipeline structure damaged (with buckling arch) from the effect of random weight load from backfill soil as well as random operational loads.
Based on the computed data, the typical combined graph showing the no-failure regions, as presented in Figure 6 , was plotted.
System factors are (i) internal pressure of the transported product 1 =̃;
(ii) thermal effect of the transported product 2 = Δ̃;
(iii) weight effect of backfill soil 3 =̃( ).
The prerequisite for serviceability in this problem is that the amount of deflection and stresses in the structure and strength requirements at certain load level are not exceeded. The next problem to solve is to determine the nofailure region of the linear section of the main gas pipeline by creating the analytical model defining the structural reliability function based on variations in operational load levels. The amount and procedure for computer calculations were determined using the design-of-experiment technique.
The appropriate level of structural reliability is established based on the performance and reliability analysis of the existing structures, Figure 6 . Advances in Civil Engineering 5 For probability calculations, the following values can be used as a first approximation:
(i) For probability of three standard deviations, ( < ) = 0,998 (I).
(ii) For probability of two standard deviations, ( < ) = 0,956 (II).
(iii) For probability of one standard deviation, ( < ) = 0,683 (III). 
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